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ABSTRACT

In this paper, TRMM Precipitation Radar (PR) products are evaluated by means

of simultaneous comparisons with data from the high-altitude ER-2 Doppler Radar

(EDOP), as well as ground-based radars. The comparison is aimed primarily at the

vertical reflectivity structure, which is of key importance in TRMM rain type

classification and latent heating estimation. The radars used in this study have

considerably different viewing geometries and resolutions, demanding non-trivial

mapping procedures in common earth-relative coordinates. Mapped vertical cross

sections and mean profiles of reflectivity from the PR, EDOP, and ground-based radars

are compared for six cases. These cases cover a stratiform frontal rainband, convective

cells of various sizes and stages, and a hurricane.

For precipitating systems that are large relative to the PR footprint size, PR

reflectivity profiles compare very well to high-resolution measurements thresholded to

the PR minimum reflectivity, and derived variables such as bright band height and rain

types are accurate, even at high PR incidence angles. It was found that for, the PR

reflectivity of convective cells small relative to the PR footprint is weaker than in reality.

Some of these differences can be explained by non-uniform beam filling. For other cases

where strong reflectivity gradients occur within a PR footprint, the reflectivity

distribution is spread out due to filtering by the PR antenna illumination pattern. In these

cases, rain type classification may err and be biased towards the stratiform type, and the

average reflectivity tends to be underestimated. The limited sensitivity of the PR implies

that the upper regions of precipitation systems remain undetected and that the PR storm
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topheightestimateis unreliable,usuallyunderestimatingthe actualstormtopheight.

Thisappliesto all casesbut thediscrepancyis largerfor smallercellswherelimited

sensitivityis compoundedby incompletebeamfilling. Usersof level threeTRMM PR

productsshouldbeawareof thisscaledependency.



1. Introduction

The Tropical Rainfall Measuring Mission (TRMM) satellite carries a spaceborne

radar, providing real-time and climatological rainfall estimation (Kummerow et al 1998).

In 1998-99 several TRMM field campaigns _ were held to validate TRMM radar

reflectivity and passive microwave data over tropical precipitation systems. The

TEFLUN-A (TExas-FLorida UNderflight) campaign focused on springtime mesoscale

convective systems (MCSs) mainly in southeastern Texas. TEFLUN-B was conducted in

August-September 1998 in central Florida, in coordination with CAMEX-3 (Third

Convection and Moisture Experiment). The latter focused on hurricanes, especially during

their landfall, whereas TEFLUN-B concentrated on central Florida convection, which is

largely organized by sea breeze circulations. Finally, TRMM-LBA (Land-Biosphere-

Atmosphere interaction in the Amazon) took place during the first two months of 1999 in

the southwestern quadrant of the Amazon Basin _-.All experiments were amply supported

by surface data, in particular a network of raingauges and radiosondes, a ground-based

polarization radar, wind profilers, a cloud physics aircraft penetrating the storms, and a

high-altitude aircraft (NASA ER-2 and DC-8 [TEFLUN-B only]), flying over the same

storms. One of these aircraft, the ER-2, was equipped with visible, infrared and

microwave imagers, electric field detectors, an interferometer, and the dual-antenna X-

band ER-2 Doppler Radar (EDOP).

This study aims to assess how well the TRMM Precipitation Radar (PR) measures

the vertical structure of a variety of precipitating systems. Of key importance to PR

See http://trmm.gsfc.nasa.gov/trmm_office/
2 See experiment plan at http://olympic.atmos.colostate.edu/lba_trmm/.



validation are TRMM-coincident aircraft flights over and within precipitating clouds,

especially if these clouds are located within the network of ground-based instruments.

Coordinated airborne/surface radar measurements provide high spatial and temporal

coverage of precipitation systems covered by a single TRMM pass, thereby improving our

understanding of how well TRMM measures rainfall from storms of various sizes,

intensities and evolutionary stages. In particular, the segregation between convective and

stratiform precipitation by means of TRMM-based criteria can be evaluated with high-

resolution data.

TRMM PR data are calibrated and geolocated, and reflectivities are corrected for

attenuation and partial beam filling. Furthermore, a range of qualitative and quantitative

attributes is derived from the PR reflectivity profiles. The relative reliability of these data

corrections and derived products can only be assessed through detailed validation efforts.

One validation approach is to statistically compare TRMM products to independent data

sets, such as ground radar, rain gauge, satellite IR, or sounding data. The statistical

approach (e.g. Datta et al 1999) is justified by the sparse sampling nature of the PR, both

in space and in time, making simultaneous comparisons too rare. Studies of this kind are

facilitated by the monthly-mean products (level 3) provided by the TRMM Science Data

and Information System (TSDIS). For instance, 3A-25 data are gridded monthly-mean

PR-based rainfall estimates for the global tropics. The two data sets in any statistical

comparison comprise distinct precipitation systems, but these 'individual' differences

become insignificant when sufficiently large samples are compared. The availability of a

statistically large enough sample of PR data is questionable in some regions and for some

periods. More importantly, the data sets used in statistical comparisons, in particular rain



gauge data, are only indirect measures of the PR measurements, thereby incorporating

many uncertainties which remain even when the averages match very well.

In this study we evaluate the TRMM PR products by means of simultaneous comparisons

against high-resolution reflectivity data in a small sample of storms. Of particular

importance are EDOP measurements. EDOP is a non-scanning instrument with two

antennas, one pointing to the nadir, the other pointing 33.5 ° forward (Heymsfield et al.

1996a). EDOP is an excellent PR validation tool, because of its high vertical and

horizontal resolution, and also because, unlike ground-based radars, its nadir antenna has

essentially the same perspective as the PR (Figure 1). The purpose of this paper is not to

assess the accuracy of the PR calibration. Calibration tests are routinely undertaken by

the Japanese Space Agency (NASDA) to evaluate sensor consistency and drift. Recent

tests concluded that the PR is consistent with a calibration accuracy within 1 dBZ. EDOP

data themselves underwent rigorous calibration tests, before and after the field

experiments, and the calibration accuracy is believed to be much better than 1-2 dBZ.

But the calibration issue is not the topic of this paper. Rather, the PR's vantage point,

wavelength and other radar characteristics are significantly different from those of EDOP

(Table 1), and these differences lead to several important differences in radar

observations.

(1) Horizontal resolution. EDOP's beamwidth is -3.0 °, which in the nadir translates to

-0.5 km at 10 km altitude and -1.0 km at sea level, when the ER-2 flies at 20 km

altitude. Such resolution is sufficient to see shear-induced slopes in hydrometeor

fallstreaks, as well as mammata-like anvil protuberances. The PR footprint size is

about 4.3 km throughout the troposphere, increasing to about 5.0 km at the maximum

6



incidence angle (17°). Convective precipitation often falls from cells smaller than

4.3 km, in fact various studies suggest that less than a quarter of the rain cells have

diameters larger than 4.3 km.. Sauvageot et al. (1999) found that radar-derived rain

cell size distributions from various regions are exponential, with a slope of 0.3 to 0.8

km_depending on the rainrate threshold defining cells, range of cell sizes sampled,

and meteorological factors. Cumulus cloud size spectrasuggest that this exponential

relation is valid down to very small sizes (Wielicki and Welch 1986), smaller than

can be observed in most radar studies. Goldhirsh and Musiani (1986) found that the

median convective cell size near the mid-Atlantic coast of the United States is only

1.9 km. A minor related difference is that the EDOP sampling rate is 0.5 sec,

resulting in an along-track sampling of about I00 m and an 80-90% overlap from one

beam to the next. This yields higher beam-to-beam continuity and better resolution,

since the pulse-volume averaged radar reflectivity represents a mean value at the

center of the radar beam. No such oversampling occurs for the PR.

(2) Sensitivity. The TRMM PR's noise level (floor) is at ---111 dBm (Bolen and

Chandrasekar 1999); therefore the minimum detectable signal is approximately 18

dBZ. While this covers all rain rates down to about 0.4 mm hr _ (assuming uniform

beam filling), EDOP has a much higher sensitivity, allowing it to see the lightest rain,

and most of the ice region of precipitating clouds. For instance, the spatial variation

of stratiform precipitation sometimes is related to the location of generating cells or

waves near the cloud top. The effects of limited horizontal resolution and low

sensitivity combine to exclude isolated, small storm cells from the PR's view. To be

seen by the PR, a cell with a diameter of 1 km needs to have an average reflectivity of
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at'least 33 dBZ (Figure 4 in Bolen and Chandrasekar 1999). If the cell is located off-

center in the PR footprint, the required reflectivity would be even higher, as will be

discussed in Section 2b.

(3) Vertical resolution. The EDOP range resolution is 37.5 m, compared to 250 m for the

PR. This implies that the PR vertical resolution is equally-distributed over 250 m at

nadir, decreasing to a 1,580 m deep layer at the outer incidence angle (17 °) where the

radar pulse-volume (a slice of 4.3 km x 250 m) is slanted at 17° from a level plane. As

a consequence, detailed EDOP-derived bright band (denoted BB) profiles can be used

to examine the ability of the PR to detect and characterize BBs at varying incidence

angles.

(4) Attenuation. At 13.8 GHz the PR reflectivity profile suffers from significant

attenuation in the lowest beam, both in convective and stratiform precipitation with

peak reflectivities greater than about 35 dBZ. This threshold decreases slightly with

increasing depth of the high-reflectivity layer, e.g. the path-integrated attenuation

(PIA) is 5 dB for a 5 km deep layer. Attenuation rate (dB per kilometer) at the EDOP

frequency (9.6 GHz) is about a factor of two less than at the TRMM frequency; for

many situations, EDOP has minimal attenuation for reflectivities below about 45 dBZ

(Caylor et al. 1995), or about 40 dBZ if these values are sustained through a deep

layer, as commonly occurs in tropical deep convection. In this study we use

attenuation-corrected PR reflectivity data (2A25), because the maximum layer-mean

reflectivities exceed 35 dBZ in all but one of the cases examined here. EDOP data are

not corrected for attenuation in this study because the maximum layer-mean

reflectivities are below 45 dBZ in all cases.
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Giventhesedifferences,onecantreatEDOPcross-sectionsashigh-resolution

'truth' for theTRMM PR.This impliesthatEDOPdatacanbe 'degraded'to aPR

perspective,andthatdegradedEDOPdatafrom thevariousTRMM field campaignscan

beusedasa surrogatefor thePR. Thisargumentwasakey motivationfor thehigh-

altituderemotesensingaircraftparticipationin theTRMM field campaigns(Zipseret al.

1999).TRMM overpassesarerelativelyrareanddonot documentthe lifecycle of

storms,thereforecloudmicrophysicalmodelingeffortsaimedatimproving TRMM

precipitationalgorithmsandderivedlatentheatingprofileswill benefitfrom EDOPdata

asacomplementto TRMM PRdata.Furthermore,PR-observedfeaturescanbe

extrapolatedto finer scalesandto higherhydrometeorsensitivityby meansof aninverted

degradingprocess,howeversuchprocessis not unambiguous.Onesuchextrapolationis

theestimationof thestormtop heightfrom PRdata.

Of thefour differenceslistedabove,thefirst two arethemostimportant.Thereis

someconcernthatnon-uniformbeamfilling (NUBF) hasa systematiceffectonPR

reflectivity andhencerainfall andlatentheatingestimates.This concernhasbeen

addressedbothwith theoreticalandobservedechopatterns(e.g.Nakamura1991,

Amayencet al. 1996,Testudet al. 1996,Durdenet al. 1998),howeverreal TRMM data

havenotbeenuseduntil now.Durdenetal (1998)usedascanning13.8GHz radar(the

AirborneRainMappingradaror ARMAR) aboardtheNASA DC-8 to simulatePR

reflectivitiesin threedimensions.TheyfoundthatdegradedARMAR dataof tropical

oceanicconvectiontendto overestimatethereflectivitynearthecloudtopsand

underestimatethepath-integratedattenuation.Amayencet al (1996)alsofoundsome



biasesdueto NUBF usingnadir-lookingairborneradardataof arainstormoff theEast

Coastof theUSA. KozuandIguchi (1999)proposedacorrectionto PRrainratedatadue

to NUBF,basedon thelocal fine-scalerainfall variability asobservedusingship-based

radardatain thewesternequatorialPacific.This variability canbecorrelatedwith aPR-

measurablequantitysuchasPIA, howeverthis correlationis probablynotuniversally

valid. In short,thedefactoimpactof sub-beam-scaleconvectionandsharpreflectivity

gradientsonPRrainestimationandclassificationis notwell understoodandhasnotbeen

analyzedby comparingPRdatato high-resolutiondata.

In thispaper,comparisonsaremadebetweenthePR,EDOP,andground-based

radarsfor sixTRMM overpassesduringTEFLUN andTRMM-LBA. Theemphasisof

this studyis on thecomparisonof theverticalpatternsandprofilesof EDOPandPR

reflectivities,whereasthegroundradarsprovideanindependentcheckon thePR

measurements.Otherdata,suchaspassivemicrowavemeasurementsfrom theTRMM

MicrowaveImager(TMI) andtheER-2mountedAdvancedMicrowavePrecipitation

Radiometer(AMPR) (Spenceret al., 1984),areonly usedin the interpretationof thePR-

EDOPcomparison.ThephysicalrelationbetweenEDOPreflectivity crosssectionsand

upwellingmicrowaveradiancesis explainedin thecaseof aFloridathunderstormby

Heymsfieldet al. (1996b). PR-derivedproducts,suchasBB characteristicsand

precipitationclassification,areassessedaswell, but thekeyPRvariablein mostother

studies,i.e.surfacerainrate,is not addressedhere. Becauseof thesmallsizeof someof

theselectedstorms,andthedifferentviewing geometriesandresolutionsof thevarious

radars,accuratemappingof thesedatato acommoncoordinatesystemis required.

Section2 describesthedetailsof this mappingmethodology.In Section3, six examples
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are presented, covering a mainly stratiform frontal rainband), a convective cell in its

decaying stage, a small, growing convective cell, a small mesoscale convective system

(MCS), and a hurricane. Composite reflectivity profiles are compared in Section 4.

2. Methodology

2a. Viewing geometry, resolution, and beamfilling effects

Comparison of the PR with EDOP and ground-based radars involves data from

drastically different viewing geometries (Figure 1). Both the PR and EDOP have high

vertical resolution but blur the horizontal structure, while ground-based radars have

excellent slant-range resolution but blur the vertical structure at increasing range. The

ground radars themselves, i.e. S-POL, TOGA, and WSR-88D, have somewhat different

range resolutions and beamwidths. Furthermore, the range gate values of reflectivity

from the different radars are located at different locations in space and time. Comparison

of data from these radars requires interpolation to a common reference frame with high

accuracy geo-location. Two approaches are possible, each of which has merits. The first

approach is to degrade all the data sets to the lowest common resolution volume. This

volume has the horizontal dimensions of the PR footprint and the range-dependent

vertical depth of the beam of the nearest ground radar. This allows for examination of

differences between data sets all on the same, lowest resolution scale. This approach is

ideally suited for calibration comparisons but it does not deal with the NUBF problem.

The second approach is to interpolate all the observations to the coordinates of the

highest resolution data (i.e., EDOP), in order to examine what reflectivity structures are

present in each data set relative to the high-resolution 'truth'. The second approach is
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used in this paper, i.e. PR and ground-based radar reflectivities are resampled to a dense

grid representing the beam and gate spacings of nadir EDOP data. One exception is the

PR's vertical resolution, which is maintained at its nadir value (250 m). This approach is

generally analogous to routine meteorological interpolation of upper air and surface

observations to a grid for NWP model initialization. These data usually are widely-

spaced relative to grid intervals and thus the interpolation method can be important in

filtering and in reducing data aliasing (e.g., Trapp and Doswell 1999). The technique to

interpolate the PR and ground-based radars to an EDOP section is described in Appendix

A.

The largest cause of residual difference (i.e., not related to radar characteristics)

between correctly geo-interpolated radar data is the non-simultaneity of the radar

measurements. This difference needs to be minimized to address the effect of NUBF and

other factors that distinguish PR data from EDOP data. TRMM measurements of a storm

are essentially instantaneous, while ground-based radar volumes are collected in 3-5

minutes and EDOP data collected in -8 min/100 km (Appendix B). During a time lag of

a few minutes echo patterns can be displaced significantly, such as in hurricane

conditions, and/or they can evolve, which is especially likely in small, short-lived

convective cells. A better match than the ones presented in this paper could be obtained

by correcting the data to a common time, i.e. the EDOP observation time. Temporal

correction for advection is possible because of the 3-D nature of the PR and ground radar

data, however advection vectors can not be readily estimated, and evolution is the more

common culprit of differences in all cases presented here, except the hurricane. Such

'meteorological' (non-radar) differences emphasize the importance of simulating PR data
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by meansof EDOPdata,asdiscussedabove.Thedetailsof thedegradingprocessare

describedin AppendixB.1.In essenceEDOPdataaregriddedto averticalsectionand

thendegradedto theTRMM resolutionby samplingit with a one-dimensional(along-

track)representationof thePRantennaillumination function. This process accentuates

differencesin horizontalresolutionbetweenthePRandEDOP.

2b.Radarbeamfiltering.

It is well knownthat theradarantennamainandside-lobescausedistortionof a

meteorologicaltarget(Donaldson1964,Zawadski1999).This isparticularlytrue in

sharphydrometeorgradientregionsviewedby ground-basedradars,or verticaledgesof

stormsviewedby thePRandEDOP. A moresignificantproblemis theNUBF problems

mentionedearlier. Bothof theseproblemscancauseasignificantmisrepresentationof

thereflectivity. For simplicity, thefiltering effectsof aradarbeamcanbecalculatedin

thefollowing manner.Assumethetrueandmeasuredreflectivity aredefinedby Z and

Zm, respectively, and the two-way antenna illumination function is represented by 12(0, _)

where 0, _ are the two-dimensional angles off the antenna boresight. Additionally, the

reflectivity variations along the slant range at range r are assumed constant, the circular

radiation pattern (0, _) can be projected onto rectangular coordinates (x,y) in a beam-

normal plane through the relations x-X=rO, and y-Y=r ¢. Here (X,Y) are the coordinates

of the beam's center at range r, relative to the center of a storm cell (where x=y=0). We

define (0o, _o) = (2xo, 2yo)/r as the 3 dB (half-power) points of the radar antenna. Then

the effects of beam filtering of the true radar reflectivity field may be given by:
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, 9
Zm(X,Y) = .f .f Z(x, y)l_'(x-- X, y-- Y)dxdy (1)

f ]/.2 _ 41n4 e_kx 2/ln4+77_n4
II:Xo y o

where 12 is the normalized two-way antenna illumination function (e.g., Donaldson

1964). Clearly, this is a Gaussian distribution function, i.e. side lobe effects are ignored

for this simplistic representation. The above relation is similar to Donaldson (1964) and

others. Applying (1) to a nadir PR beam with 2xo=2yo=4.3 km, we assume a true

reflectivity field Z (i.e. a small storm cell) that is bell-shaped as well, with a maximum

reflectivity of 50 dBZ:

_[ x2 + 3,2 _

Z(x,y)=Zoe Lr2/ln2 r2/ln2 (2)

where rCis the half-power radius of the true reflectivity pattern, and Z o is the its peak

value. Then Z,, can be derived as:

[x2t2 { 2 _+i 1
In2 t 2rc2) in-2 t _rc2 J]

Z m (X, Y) = AZoe

a=Ill+ 2re
(4)

(3)

Here A provides information on the decrease of PR measured reflectivity with

distance of the cell from the PR footprint's center, where this distance is expressed

relative to the cell size, i.e. (2xo, 2yo)/rc. For the case of a very narrow beam (i.e.,

xo,Yo<<rc), then the measured reflectivity reproduces the true reflectivity. When the
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beam is broad relative to the size of the cell (i.e., x,,,yo>>rc), then Z,,<Zo, and the true

reflectivity distribution is broadened.

The variation of the PR measured reflectivity Z,, with cell size and location

relative to the beam's center is shown in Figure 2a. Four cases range from when the cell

is centered on the antenna illumination function (X=0), to when the cell is far off it (X= 3

km, which is just below the maximum distance between a cell and the nearest PR beam

center). When the cell is larger than the PR footprint, the PR reflectivity approaches 50

dBZ. The PR reflectivity decreases faster-than-linearly with decreasing cell size, as well

as with increasing distance between the cell and the PR beam center. For a large cell of

4.3 km diameter, the PR measured reflectivity ranges from about 49 dBZ for the cell

centered on the illumination function (X=0) to 39 dBZ when it is far off center (X-3 kan).

For a medium-size (2 km diameter) cell, the reflectivities range from 47 dBZ (X=0 km)

to 21 dBZ (X=3 km). The latter is very close to the PR noise floor. Of course if the cell is

on the edge of one PR beam, the adjacent PR beam will measure a similar reflectivity

from the same cell, i.e. the cell is broadened. The effect of this filtering on rainrates can

be estimated by means of a Z-R relationship, e.g. Z=260 R 138, for central Florida

convection (Datta et al 1999). The maximum rainfall rate within the cell is 75 mm hr _.

The PR rainrate from a 2 km cell is about 43 mm hr _ when the cell is centered (X=0) and

1 nun hr J when the cell is far off-center (X=3 km) (Fig 2b). The average rainrate of the

cell over the PR footprint area in this case is about 20 mm hr 1, i.e. less than the PR

estimate for a centered cell, but more than the PR estimate for a peripheral cell, even if

this cell's rain is sampled by four adjacent PR beams.. If the median convective cell size

is 1.9 km, as is the case for summer storms near the mid-Atlantic coast (Goldhirsh and
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Musimai1986),andif thedistancebetweenthecentersof thecell andthebeamis 1.5km

[i.e., themeanor mostlikely distance,4.3/(2x/2)],thenthePRreflectivity is reduced

about11dBZ from thepeakcell reflectivity,andthePRrainratewouldbeabout20%of

thepeakrainratein thecell.

In summary,stormcells andbordersthat aresmallrelativeto thePRfootprint are

broadened.Thereflectivity deficit is largerfor smallercells andthoseoff-centerrelative

to thePRbeam.Thecombinationof filtering andlimited Sensitivitymaycauseweak

cells,or theupperportionof strongercells,to remainundetectedby thePR.Stormslarger

thanthePRfootprinttendto besurroundedby anartificial weak-echofringe.These

effectshavea directimpactonrainfall estimation.High rainrateeventsareundersampled

and,becausetheillumination functionandtheZ-R relationarenon-linear,theareal

rainfall estimationmaybesystematicallybiased.SuchbiascanbeexpectedwhenPR

rainfall from thesamealgorithmis usedin thecomparisonof a regionwith mainlysmall,

scatteredconvection,suchascentralFlorida,to aregionwith moreorganized

precipitationsystems,suchasTexas.

2c. Raintypealgorithms(convective,stratiform)

Thispaperutilizesthe2A25 reflectivityprofile data,an 'operational'product,as

well as2A23(PR-derivedvariables)andTMI data.All TRMM dataareprocessedand

archivedatTSDIS.TheTRMM PRproductformatsandalgorithmsaredescribedin

detail in NASDA (1999).2A25dataaretheresultof severaloperationsstartingwith the

rawPRreceiverdata.Theseoperationsincludequalitycontrol, clutter rejectionnearthe

surface,especiallyat high incidenceanglesandovermountainousten'ain,referencingto

16



anellipsoidalrepresentationof theEarth'ssurface,attenuationcorrectionandNUBF

correction.A hybridbetweentheHitschfeld-Bordenmethodandthesurfacereference

techniqueis used(Iguchi andMeneghini 1994)to correctfor attenuation.Relevant

variablesin the2A23 datasetincludethepresenceandheightof a BB, therain type

classification,andthestormtopheight.

Table2 summarizestheclassificationschemeusedin the2A25product. Rainfall

is classifiedasstratiformif aBB exists('V method')and/0rthehorizontalechovariation

is small ('H method').The 'H method'is anadaptationof themethodby Steineret al

(1995)to thePRresolution:abeamis convectiveif its maximumreflectivity (Zm,x)

exceeds40dBZ or if Zm_,standsoutabovetheambientecho.In the 'V method'rain is

classifiedasconvectiveif noBB existsandif Zm,x>39dBZ. Clearlytheaccuracyof the

attenuationcorrectionmaysignificantlyimpacttherainclassification.Bothmethods

yield threeoutcomes(convective,stratifonn,andinconclusive),andacombinationof the

H andV methodsallowsrainfall characterizationin aprobabilisticmanner.Forinstance,

if bothH andV methodsclassifyapixel asstratiform,the2A23 rain typeis 'stratiform

certain'. But if thereis noBB yet theH methodsuggestsstratiIbrmrain,thenthe2A23

rain typeis 'probablystratiform'(Table2). Sampletestsindicatethatthe likelihoodof

correctBB detectionis about80%nearnadir,decreasingto about20%nearthe

maximumscanangleof 17° (NASDA, 1999).

3.0 Comparison of TRMM with EDOP and ground radars

ER-2 flights coincided with TRMM overpasses over various types of

precipitation systems. During TEFLUN A and B, CAMEX-3 and TRMM LBA, only nine
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TRMM overpassesoccurred while the ER-2 flew within the PR swath over precipitation,

but only six of them were sufficiently data-rich and simultaneous for detailed

comparisons. For each of the six cases, the ER-2 flight line near the time of the TRMM

overpass was placed into the context of the horizontal radar echo pattern. The 2 km

altitude image from the TRMM PR is shown together with a low level scan from the

nearest ground radar in Figure 3 for all cases, covering a mainly stratiform frontal

rainband (a, b), a convective cell in its decaying stage (c, d), a small, growing convective

cell (e, f), a small mesoscale convective system (MCS) (g, h), and a hurricane (i-l). For

this purpose, several ground-based radars were used that collected data during the

TRMM overpasses. The S-band POLarization Radar (S-POL) radar from the National

Center for Atmospheric Research (NCAR) participated in TEFLUN-B and TRMM-LBA.

The TOGA radar supported by the Wallops Flight Facility participated in TRMM-LBA.

Finally, the WSR-88D operational radars at Fort Worth, TX (KFWS), Melbourne, FL

(KMLB), and Wilmington NC (KLTX), were used when possible to provide additional

data for comparisons. All the ground-based radars were S-band (3 GHz) Doppler radars

with 1° beamwidth antennas with the exception of the TOGA radar with a 1.6 °

beamwidth. The horizontal mapping procedures for ground radar and PR data are

described in Appendix A.2 and A.3 respectively. The temporal coincidences of all

relevant radars are listed in Table 3.

Comparison of vertical reflectivity cross-sections, which are the emphasis of this

paper, are presented in Figs. 4-9. The EDOP panel (a) provides nadir reflectivity mapped

onto a cartesian (x, z) grid above ground level (AGL). Each vertical column represents

an EDOP beam at a particular surface latitude-longitude position. The vertical cross
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sectionsof ground-basedradar(panelb)and PR(panelc) datawereconstructedusingthe

mappingproceduresdescribedin AppendixA. Figures4-9 alsoshowprofilesof various

derivedquantitiesfor eachcase.Theseinclude:thebrightnesstemperatures(10-85GHz

and11gm) from theTMI andVIRS (panele), stormtop heightandBB height(2A23

product)(panelf), andPRincidenceangletogetherwith rain type(also2A23) (panelg).

Thesefigureswill bereferredto in thesubsequentdiscussion.ThePRstormtop height

product(2A25)is theheightof thefirst (highest)echoabovethePRnoiselevel.This

heightwill becomparedto theEDOP-estimatedstormtop, practicallydefinedasthe0

dBZ contour.EDOP'ssensitivitygenerallywasswell below0 dBZ.

3a. Widespread stratiform rain(21 April 1998)

A broad rainband, associated with a well-defined cold front oriented WSW-ENE,

slowly propagates southeastward through central Texas on 21 April 1998. This rainband

is over 700 km long, aligned with the cold front, and largely stratiform. Its cloud tops

and rain rates decrease towards the northeast. The ER-2 flies along this rainband which

also coincides with the PR swath of the TRMM overpass at 0634 UTC. (All times

hereafter are in UTC.) At this time there are three short convective lines to the south and

west of the ER-2 leg, most obvious in Figure 3a. These lines are oriented normal to the

broad rainband and move along it, advected by strong westerly wind at 500 mb. They

appear more vigorous in the PR image than in the KFWS radar PPI. The convective lines

are at least 150 km from this WSR-88D radar, therefore their echo strength is weakened

by attenuation and partial beam filling.
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TheER-2wasdirectedto startjust to theeastof thewesternmostof thesethree

linesat0624,therebymissingthetwo otherlinesto thenorth. By thetimeof theTRMM

overpassabout10minuteslater,thewesternmostline hasmovedinto theER-2section.

ThePRreflectivitypatternmatchesEDOP'svery well eastof thisline, asPR-EDOP

coincidenceimprovesto theeast(Fig4a). Somedetailsaremissedby thePRsuchasthe

slopingfallstreaksevidentin theEDOPsectionbelow thefreezinglevel. Thefallstreaks

aretheresultof thepresenceof a 25ms_westerlyshearbetween0-5km evidentin the

00sounding6h earlierat DallasForthWorth. Thestormtopheightin thePRsectionis

generallylessthan1km below theEDOPstormtop,howeverduringTEFLUN A the

cloudtopis likely higher thanindicatedsinceaEDOPsensitivitywasreduceddueto a

amplifiermalfunction. Thealgorithm-derivedheightsof thestormtopandtheBB (as

shownin Figure4f) verify well, andtheraineastof theconvectiveline (at theleft edge

of thepanelsin Figure4) is classifiedcorrectlyin thestratiformgroup.Comparedto

tropicalstratiformrainfall systems(e.g.in hurricanes,section3e-f),thisrainband

containsalargeamountof ice,asevidencedby the85GHzupwellingradiance.This is

notbecauseof highcloud tops(merely8km) butbecausethefreezinglevel (-3 km

altitude)is about2 km lower thanin thetropics. Overmuchof therainbandthe85GHz

brightnesstemperature,asmeasuredby theTMI andAMPR, is below220K

McGaugheyet al (1996)find that220K is theminimum85GHz brightnesstemperature

associatedwith ice scatteringin stratiformregionsof tropicaloceanicsystems.Passive

microwavetemperaturesfrom lower frequencies(especially19and10GHz)areonly

marginallydepressed(Figure4e ).
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3b. The trailing edge of a dissipating convective cell (13 August 1998)

This case illustrates a borderline feature for the PR, mainly in terms of sensitivity,

and there is a significant reflectivity gradient across the EDOP section. The ambient wind

is weak at all levels on 13 August, and it is mainly westerly (<8 m s l) below 10 kin.

Afternoon thunderstorms develop, mainly along outflow, sea breeze and river breeze

boundaries. About 15 km inland from the Banana River, a sequence of short-lived

thunderstorms builds discretely southward and dissipates from the north. The ER-2 flies

from west to east across the northern edge of a storm cell (Figure 3c). The EDOP

reflectivity is low at all levels (Figure 5a), and there is a suggestion of a weak BB. The

PR, recording this storm 1 (right) to 4 (left) minutes later, can see the storm cell, even

some of its decaying anvil (Figure 5c). The PR storm top, just below 10 km, is about 2

km below the actual storm top (Figure 5f). The PR can see the rain reaching the ground.

This rain is classified correctly as 'probably stratiform', because of the H-method (the

echo is too weak for it to 'stand out'), not because a BB is detected. The BB is not

detected because it is quite weak and because the PR incidence angle is fairly large (8°).

The PR only marginally detects the smaller but more intense shallow cells to the

west ( x<10 in Figure 5), about 4 minutes after the ER-2 passage. The AMPR brightness

temperatures at 10 and 19 GHz are lower than at 85 GHz for these cells, suggesting that

they contain very little ice. This PR detection failure may be affected by NUBF, however

the degraded EDOP image (Fig 5d) suggests that the PR should still capture a clear

signal. The more likely cause is the rapid decay of these shallow, isolated cells. In the

2225 S-POL volume, shown in Figs 3d and 5b, these cells are much stronger than in the
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2231 volume (not shown). Another factor may be the across-leg reflectivity gradient

(i.e., normal to the cross-section) apparent in Fig 3c.

3c. Small convective cell (1 February 1999)

Many convective towers formed in the afternoon of 1 February 1999 over

Rondonia, Brazil, but they were generally small and short-lived. EDOP recorded 12 cells

with at least 40 dBZ at an altitude of 2 km during a 3 hour flight period (1730-2030).

With the exception of a 30 km wide storm overflown twice, the average diameter of these

cells was 5 km (measured between the 20 dB EDOP boundaries at 2 km), i.e. about the

size of the PR footprint. The sample is somewhat biased because the ER-2 targeted the

larger thunderstorms in the population. The tops of these storms were not very high, but

variable (5-9 km), and no spreading anvils nor stratiform regions formed. The minimum

85 GHz brightness temperatures of the first five of these cells was only 240-260 K

(AMPR failed at 1842). Organized deep convection did not develop on this day, probably

because of a lack of wind shear. Between 0-5 km, the wind was weak (less than i0 m s_),

mainly from the northeast. Easterly shear of about 25 m s_ existed between 5-11 km, and

this was evident in the shearing of the tops of some taller cells.

At the time of the TRMM overpass, the ER-2 flew near the western edge of a line

of convective cells, about 40 km long and 5-10 km wide. This line is captured both by the

S-POL PPI and the PR CAPPI in Figure 3e-f. The line is moving southward and growing

in length, but the cell at 30 km in Fig 6a (visited twice by EDOP) is dissipating (Figure

6a) but still has a narrow intense core with very few hydrometeors above 5 km and no

anvil. The S-POL section (Figure 6b) is almost identical to EDOP's, but with lower

vertical resolution. The PR detects this cell, located close to the TRMM nadir, about 6.6
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min later (Figure6c), but themaximumreflectivity is about30dB (asopposedto 45 dB)

andthestormtop isnear5km (asopposedto 12km). ThedegradedEDOP(Figure6d)

showsastrongerandslightly deeperechopatternthanthePR.Thedifferencemaybe

partlyexplainedby cell evolution.WhentheER-2retumsalongthis sectionover this

cell, about6.8minaftertheTRMM passage(notshown),themaximumreflectivity is still

about38dB andtheechotopabout10km.TheminimumAMPR85GHzbrightness

temperatureof this cell is about240 K, but theTMI brightnesstemperaturetracesdon't

recordanysignificantdisturbanceover thecell (Figure6e).TheVIRS doesseethecell

clearly,with aminimumIR temperaturejust below225K (i.e. astormtopjust above

11.5km),. Themaincell is classifiedas'other'and'probablystratiform',notbecauseof a

BB, but becauseof low PRmaximumreflectivity. Thesizeandstrengthof this feature,as

revealedin EDOPimagery,makesit clearlyconvective,.

Theweakcell to thenorthof themaincell alongthis flight leg,nearx=50km in

Fig 6a,offers aniceexampleof detectionfailuredueto thePR'ssensitivitythreshold.

ThedegradedEDOPimage(Fig6d) suggeststhatthePRshouldjust detectit. ThePR

doesnot seeit, probablybecauseatthetime of theTRMM overpass(5 min later),this

featurehasweakenedfurther,assuggestedby theER-2returnflight alongthis leg andS-

POLimagery.Theonly TRMM probethatrecordsthisweakfeatureis theVIRS (Fig 6e).

From arainfall perspective,thisweakfeatureis insignificant,sincemostor all rain

appearsto evaporatebeforereachingtheground.

3d. Small MCS (23 February 1999)
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A brokenline of cellsgrewintoa continuousline over 100km longbetween1900

and2000on23February.This line wasorientedNNW-SSEandpropagated

southeastwardat first but laterstalled.Convectionalongthis line wasmostvigorous

between2000and2030,thenweakenedanda trailing stratiformregionformedto the

northwest.By 2200all convectionhaddisappearedanda -3,000 km 2 large area of

stratiform rain remained. This area expanded and intensified somewhat during the next

half-hour, and then dissipated during the next two hours. The ambient wind below 5 km

altitude was mostly northwesterly at 7-15 ms", an easterly jet was found at -13 km. The

easterly wind above 7 km probably supported the formation of the westward-trailing

stratiform region.

Figure 3g_h shows this line in a maturing stage. Convection is found mostly to the

south along the leading (eastern) side of the line, while the northwestern portion develops

into a stratiform region. The EDOP section essentially runs along the leading line of

convection. No BB is present in this section (Fig. 7), except in the far south where some

remnants of the shorter-lived southern portion of the line can be seen. The reflectivity

generally drops off rapidly above the freezing level in this section, and convection is not

very deep. The AMPR data indicate that much ice is transported to the west of the line

(i.e. into the page of Fig. 7a). The minimum AMPR 85 GHz brightness temperature is

about 160 K in this section, but 135 K over the stratiform region. Higher altitude CAPPIs

from the PR (not shown) confirm that at 8 km the echoes are strongest to the west of the

ER-2 track, while at 2 km they are strongest on the track or just to its east. This is

consistent with the observed growth of the stratiform region. The deepest echo in the

EDOP cross section (at x=40 in Fig. 7a) are actually in the lee of an active cell to the east
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of the line, so stratiform intensification processes (i.e. mesoscale updraft and ice growth

above the freezing level, Houze 1993) may be active in this part of the cross section.

The ground-based radars (Figs. 7b,c), especially TOGA (which is closer), match

the EDOP section well. The height, intensity, and structure of the PR echo also compares

well to degraded EDOP echo pattern (not shown), because the EDOP-PR sampling time

difference is small, less than 3 min throughout this section. The small discrepancies are

mainly due to across-line gradients (i.e. the third dimension)..

PR rainfall is classified as 'certainly convective' to the south and 'probably

stratiform' to the north (Fig. 7g). The classification as stratiform is not due to a BB

(neither the PR nor EDOP detect a BB) but to weak reflectivities. This northern (right-

hand) region appears convective from an EDOP perspective, because of high

reflectivities and their gradients, and an absence of a BB. However this region is just to

the east of a large area which clearly is stratiform. [I guess we are not verifying the TMI]

The PR storm top height (Fig. 7f) is close to that of other radars, except to the south

(x< 15), where stratiform and dissipating clouds have higher tops (EDOP, TOGA, and S-

POL in Figs. 7a-c) between 8-10 km. In fact even the PR (Fig 7d) has higher tops than

the algorithm-derived storm top, which in this ,area (x<15) is below the freezing level.

3e. Hurricane Bonnie Pass 1 (26 August 1998)

EDOP data were collected during three TRMM passes over Hurricane Bonnie on

26 August 1998. At the time of the overpasses (1137-1451), Bonnie's central pressure

was steady at - 965 rob, and its maximum sustained surface winds were about 50 ms _.
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Bonnie made landfall near Wilmington NC _ound 0330 27 August. 3At the time of the

EDOP observations, Bonnie had one or more weak and ill-defined inner eyewalls and a

stronger and more continuous outer eyewall with a diameter of -170 km. Only the first

and third TRMM passes are discussed here, because the PR swath of the second one

missed Bonnie's eye and only a short section of high-incidence PR data coincided with

the EDOP section. Note that the PR algorithms correctly detect and place the BB even at

high incidence angles.

The first TRMM pass, at 1137, is almost exactly over Bonnie's eye (Fig. 3i-j).

Several rain arcs can be seen in the region surrounded by the outer eyewall, and the PR

captures all but the finest features present on the WSR-88D PPI, such as the shallow

radial bands at the northwestern margin of the storm. The EDOP section lags the TRMM

section by 13-35 minutes (Fig 8).. The difference between the PR section (Fig. 8c) and

the corresponding degraded EDOP section (Fig. 8d) is largely due to this time lag, and is

most obvious inside of the outer eyewall, where echoes are more transient. A much

better fit could be obtained if advection of the hurricane is accounted for, but this

correction is beyond the scope of this discussion.

The EDOP section (Fig. 8a) displays some fine scale features which are beyond

the resolution or sensitivity of the PR. This includes: the spreading of the anvil outward

from the outer eyewall, thin rain columns within the outer eyewall, and low-level radial

confluence suggested by the inwardly curved fall streaks in the rain layer on both sides of

the eye (which is near x=280 km). Otherwise the PR-EDOP comparison is excellent for

the outer eyewall, including its BB and outward slant.

3 See the Preliminary Report by NHC at http://www.nhc.noaa.gov/1998bonnie.html.
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In this sectionmostrain is correctlyclassifiedas 'certainly' or 'probably

stratiform' (Fig. 8g). ThePRstormtopsof thedeeperfeaturesare2-4km lower than

EDOPheights. ThelowestTMI 85GHzbrightnesstemperatureassociatedwith outer

eyewall(nearx=190km) is only 240K (comparedto 220K for AMPR), i.e. ratherwarm

comparedto continentalconvection,suchasthesmallMCSdiscussedin Section3d.The

high 85GHz temperaturesandlow reflectivitiesabovethefreezinglevel impliesan

absenceof significanticescattering.This is commonfor tropicaloceanicMCSs

(McGaugheyet al 1996).Themoreshallowrainechoeswithin theinnereyewallremain

undetectedat85GHz,both in TMI andAMPR data.Otherhurricaneswith a double

eyewallstructure,suchasGilbert (1988),reachtheirgreatestdepthandintensityin the

innereyewall(Dodgeet al 1999)..

3f. Hurricane Bonnie Pass 3 (26 August 1998)

At 1450 Bonnie's outer eyewall has contracted slightly, and the inner rain arcs

have weakened a little (Fig. 3k-l). While most of the hurricane's rainfall field is northeast

of the eye, the outer eyewall is most intense towards the southwest. The ER-2 flies from

NE to SW across the eye, but the PR swath misses the northern part of the outer eyewall.

The EDOP cross section (Fig. 9a) confirms the asymmetry, with a highly tilted yet weak

northeast eyewall, a deeper southwest eyewall, with the eye centered near x--150 km.

Many shallow but intense echoes can be seen within the outer eyewall in the EDOP pass.

Ground radar and PR CAPPIs (Figs. 3k-l) also indicate that these cells have echo tops

that are close to 6 km, however some cells inside the outer eyewall are much deeper.
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ThePRsectiondetectsadeepcell (x=170km in Fig. 9c)andwhentheER-2 flies

overheadabout10min later,thiscell haslargelybeenadvectedout of thecrosssection.

ThereforethedegradedEDOPechois weakerthanthePRecho;otherwisethePR-EDOP

correspondenceis quitegood. ThePRBB heightis similarly to EDOPsexceptthatit is

slightlyhigherwithin theeyethanin theeyewall(Fig. 9f).This elevatedBB height is due

to ahigher0°Cisothermwithin theeyewall. This featurecanalsobeseenin pass1(Fig.

8f), but it is notaspronounced.Thecloudheightderivedfrom thePRis generallybelow

theEDOPandactualcloudheight. This is apparentin theoutereyewall(x=170-200km)

wherethePRstormheightis 2-4km too low. Somefallstreaksbelow 5krn altitude(120

km <x<150km)) with amaximumreflectivity of -25 dB aretoothin and/ortooweakto

beseen,sono PRcloudheightwasassigned.

Therainfall classificationschemeisexcellent,evenat high incidenceangles.

Overall, aBB is detectedcorrectlyby thePRalgorithm.Areasclassified'certainly

stratiform'(x= 170-190km) appearclearlyasstratiformin EDOPimagery,andfor the

two areasclassifiedasconvective,EDOPdoesnotrevealaBB. The85GHz brightness

temperaturesmeasuredby theTMI areonly barelydepressedby theshallowcellsinside

of theoutereyewall,but theyareaslow as205K over thesouthwesternoutereyewall

(Fig. 9e).Thesedatacorrespondwell to thoseof AMPR.

4.0 Comparison of the statistics of the profiles.

Mean height profiles of reflectivity were constructed (Fig. 10) for the cross-

sections shown in Figures 4-9. These profiles were obtained by first converting

reflectivities in "dBZ" to linear units before averaging across each height level (0.0375 m

28



for EDoP andground-basedradarsand0.25km intervalsfor thePR).To focusthe

comparisonon thesameprecipitationstructures,reflectivity profilesfrom radarsother

thanthePRarethresholdedto thePR'sminimumdetectablereflectivityof 17dBZ.Mean

profiles for ground-basedradarshadto be truncatednearthegroundbecausetheupward

slantingof the lowestbeamawayfrom theradarcausedabiasin theaveraginglengthat a

particularlevel.Much informationis lost in thereductionof a precipitatingsystemto a

meanprofile,but thecomparisonof thefirst momentonly from variousradarsismore

feasiblethanthatof CFADs(contouredfrequencyby altitudediagram,YuterandHouze

1995)or otherdistributionfunctions.Thecomparisonof meanprofiles isusefulfor

calibrationpurposesbut thefocusin this studyis on thedetailsof theprofiles.For

instance,how doesthethicknessandthestrengthof theBB in thePRcompareto thatof

EDOPandthatof groundradars?Howdoesreflectivity changewith heightbelowthe

BB, andwhatcloudmicrophysicalconsequencescanbedrawn?How doprofiles

comparein thecaseof NUBF ?

Theverticalfiltering dueto thePR'sgatespacingandoff-nadirviewing resultsin

aunderestimationof theBB strengthof 3-9dBZ (Fig 10aandf). ThePRBB height

matchesthatof EDOPvery well, but it shouldbecautionedthatthebright bandthickness

in both thePRandEDOPis likely overestimateddueto averagingoveranextensive

region.EDOPoftenobservesbright bandthicknessesmuchlessthanthe250m pulse

volumethickness.Theeffectof NUBF is illustratedwell in theprofilesof Fig 10d:the

PRestimateis 4-10dBZ belowthatof EDOPandS-POL,andthereflectivity-based

cloudtopis muchlower. For smallor rapidly evolvingstorms,agoodtemporalmatchis

essential.Figure 10cshowsthecollapseof thetrailingpartof centralFloridaconvection
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evidencedby therapid4-8 km altitudereflectivitydecreasefrom 22:19and22:31UTC.

Partof theobservedreflectivity differencesin Fig. 10caretheresultof theflight line

crossingastronggradientregionof reflectivity. TheTRMM footprintis relatively large

andhencemaysamplethis regiondifferentlythanEDOPandS-POL.Thediscrepancies

in thehurricanecases(Fig 10f)arealsolargelydueto non-simultaneity;in this case

advectionmentionedearlieris likely thecauseof someof thedifferences.For all the

casespresented,thebesttimecoincidenceoccurredfor thesmallMCSon 23February

1999(Fig 10e).Thereflectivity profile differencesfor this casearelargelydueto

calibrationdifferencesandalsoPRattenuationcorrectionandNUBF algorithms.Clearly

thePRprofile nicely matchestheS-POLandEDOPtraces.

5. Summary and Conclusions

In this paper we compare horizontal and mainly vertical reflectivity structures

from the TRMM PR 2A25 product to data from higher-resolution, more sensitive radars,

both airborne (i.e., EDOP) and ground-based. In the comparison, ground radar and PR

data are interpolated to an earth-relative cartesian grid, as well as in the geo-located

cross-sections covered by EDOP beams. This exercise is not trivial because of different

beam geometries, resolutions, earth references, and the ER-2 aircraft motions, but it is

essential for the validity of point-to-point comparisons. Both the PR and EDOP view

precipitating systems from (near) zenith, yet there are several significant differences, the

most important one being the horizontal resolution.

This study has intentionally not focused on calibration differences between radars

since these differences will mainly shift profiles by a constant reflectivity over most of
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thereflectivity dynamicrange. Instead,theemphasisis ontheshapeof theprofiles,and

its dependenceonstormsizeandtype.. Thecomparisonsyield highly favorable

agreementof thePRwith EDOPandthegroundradarsfor largeprecipitationregions. It

is knownthata significantportionof therainfall resultsfrom convectionthatis small

relativeto thePRfootprint, and thatPRreflectivityprofilesandrainrateestimates

dependonstormsize.In facta correctionfor NUBF isappliedoperationallyin obtaining

the2A25product.Simplecalculationsshowthat thePR-measuredreflectivity, andhence

rainrate,becomesincreasinglyreduced,notonly asthestormcell sizedecreases,butalso

asthecell is displacedfurther from thePRbeamcenter.Theeffectsof beamfiltering and

limited sensitivitycompoundto makesmalland/orweakcellsentirelyorpartly

undetectableby thePR,andtherenderPRstatisticsof derivedvariablessuchasstorm

typeandraintypeunreliablefor smallsystems.A biasis possiblealsofor larger

(convective)systems,becauseof thetypically highreflectivitygradientsalongstorm

edges.PRbroadeningof suchgradientsresultsin anartificial fringe aroundconvective

stonns.In particularusersof Level3 (monthly-mean)TRMM PRproductsshouldbe

awareof thestrongscaledependencyof PRestimates.At Level 3,thescaledependency

is impossibleto assessbecausespatialinformationof individualstormsis lost in the

processingfrom instantaneousto meanrainrates.

It is a rareeventwhenaTRMM overflight iswithin afew minutesof astraight-

and-levelER-2 flight leg,aground-basedradarvolumescan,andaprecipitatingsystem

of interest. In fact thedifferencesin presentedreflectivity crosssectionsderivedfrom the

variousradarsarelargelydueto non-simultaneoussampling(allowingsignificant

advectionandevolution).Six casesfrom TEFLUN (A andB), CAMEX-3 andTRMM
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LBA Werejudgedto besufficiently simultaneousanddata-richfor aradar

intercomparisons.Thesecasesrepresentvariousmeteorologicalsituations:abroad,

mostlystratiformrainband,a hurricane,a smallMCS,adissipatingconvectivestorm,and

asmallyetactiveconvectivecell.Somepreliminaryconclusionscanbedrawnfrom this

smallsampleof EDOP-TRMM coincidences:

• High resolution EDOP reflectivity sections show that the TRMM PR, given its

resolution and sensitivity threshold, captures most of the spectrum of sizes and

intensities of precipitating systems very well, in terms of both 2A25 vertical

reflectivity structure and deduced variables.

• The PR accurately detects bright bands, their depth and their height, in fact in this

regard it outperforms WSR-88D radars at typical operating ranges. High-resolution

vertical reflectivity profiles from EDOP suggest that the PR rainfall classification is

realistic, even at high incidence angles.

• EDOP (as well as other airborne radars such as ARMAR) reflectivities can be

degraded to provide a TRMM PR surrogate for simulation/retrieval studies. While

the viewing geometries of the EDOP and AMPR are different than those for the PR

and TMI on TRMM, the ER-2 can be focused on a specific storm of interest to

provide insight on the performance of TRMM during this situation.

The vertical structure, intensity and rainfall classification of convective cells smaller

than the PR footprint may be erroneous. For sub-PR-footprint cells which can be

common in the tropics, underestimation of reflectivity and storm top heights can

result in mis-classification of convective precipitation as stratiform.
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The limited PRsensitivityresultsin thefailureto detectweakprecipitatingsystems

andsmallconvectivecells;stormtopheightsarealsounderestimated,especiallyin

tropicalstratiformregionswherereflectivityprofiles fall off rapidly with height.

Furtherwork is aimedat amoredetailedcomparisonandevaluationof TRMM products,

includingattenuationandsurfacereference(G°),aswell asmicrowaveradiances.
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An accurate interpolation of all the radar data sets into a common (earth-relative)

coordinate system is essential before the various data sets can be compared. The

coordinates of the EDOP flight line images are chosen as this common frame of

reference, as described in section 2. The EDOP mapping is briefly described in

Appendix A. 1. Ground-based radar and TRMM PR data are three-dimensional, and their

mapping onto a level, uniformly-gridded plane, as well as to the EDOP section, is

described in Appendices A.2 and A.3 respectively. The redistribution of two-dimensional

(horizontal) TRMM data is described in A.4.

A.1 EDOP Coordinates and mapping.

The ER-2 tracks presented in this paper are relatively linear although occasionally

there are small aircraft heading adjustments (such as on pass 1 on 26 August 1998, Fig

3i) or other more minor deviations in heading due to cross wind variations at altitude

Thus to retain accuracy in the mapping of other data sets, each beam of EDOP data is

assumed to be normal to the earth's surface and each gate has an associated position

(_, o:, z) where 8 is latitude, t_ is longitude, and z is height above the earth's surface. This

assumption is quite good since the ER-2 is relatively stable during flight with roll

excursions of less than 0.25 ° (i.e +175 m on the ground) and pitch excursions of less than

1°. The coordinates of gates in each beam at -100 m intervals along the flight track are

then gridded in (x, z) such that pixels in a single vertical column represent a single dwell

of data, and the x axis represents dwells along the flight line. In all cases presented here

the height of the earth surface is less than 200 m above mean sea level, so EDOP heights

are not corrected to represent altitude above sea level.
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A.2 Ground-based radar mapping.

Ground-based radar data are collected in spherical coordinates [(r, O, _p) where r

is range, 0 is azimuth, and _ is elevation] and are mapped to EDOP vertical sections

using the transformation equations developed in Heymsfield et al. (1983). These "small

range" equations are applicable to distances less than about 200 km from the radar and

can be summarized as follows:

FCOS_
s = (A1)

(1 + (r/t_ )sine

R
x = s-- sin(0) (A2)

R'

R
y = s b cos(0) (A3)

R'

X

o_ = or s + (A4)
Rcos_5

_=_s + y x2
R 2R 2 tan_5 s (A5)

where R is the local radius of the earth at the radar station, the effective earth radius

R '=4R/3, (x,y) the radar-relative horizontal location, mad the subscript s refers to the radar

location. These approximations provide (_, cx, z) to within a few tenths of a km at 200

km from a radar. The topographic height of the radar above sea level is ignored.

Using the above equations, the (r, O, (p) location from a given radar is calculated

for each EDOP pixel. Then, for each pixel, a sem'ch is performed over the radar volume

scan for the 8 surrounding gates (4 each from the elevation scans above and below

q_). Interpolation is performed using trilinear interpolation, i.e., first the reflectivities are

interpolated bilinearly to (r, 0) on each elevation scan, and then these values are linearly
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interpolatedalong_. It shouldbenotedthatthereflectivitesin "dBZ" arelinearized

beforetheinterpolationandconvertedbackto dBZ afterthe interpolation. While better

interpolationschemesexist,the linearinterpolation,alsousedin Heymsfieldet al. (1983),

is simpleto implementandprovidesreasonableresults.TrappandDoswell(1999)

addresstheramificationsof usingbilinearversusCressmanandBarnesinterpolation

which havemoreeasilyunderstandablefiltering responses.

Theground-basedradarPPIscansshownin Figure3 areconstructedusingan

almostidenticalinterpolationapproachto theaboveandin Heymsfieldet al. (1983).This

approachusesequationsA l-A5 andinterpolationto aregularlatitude-longitudegrid with

intervalsof 0.01° in latitudeandlongitude.

A.3 TRMM PR mapping

ThePRreflectivitydatausedin thisstudyis basedon the2A25 productprovided

byTSDIS. This productincludesattenuation-correctedreflectivity andrain rateprofiles,

andgeolocationinformation. Thereflectivity profileshavehighrangeresolution(250m)

andcoarser(-4.4 km) beamspacing.For simplicity,thePRprofilesareassumed

vertically orientedeventhoughtheycanbetilted up to about17°scanangle. This

impliesthat anechoattheedgeof thePRswathat 15_n altitudewouldbedisplaced

about4 km (i.e. onePRpixel spacing)horizontallyfrom thesurfacepositionof the

profile, towardstheTRMM nadirposition. In mostcases,this is not aproblemsincethe

PRscananglesareusuallymuchsmallerandtheechoheightsarelessthan 10km. Thus,

eachrangegatehasa (6, _ z) location.
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Interpolation is performed as follows. For each EDOP profile which has an

associated (_, a, z) coordinate, a search is performed on the TRMM data for the four

profiles surrounding this (fi, a) location are identified. Then Cressman interpolation

(Cressman, 1959) is applied to these profiles, level by level in the PR profile at 250 m

intervals. The resulting interpolation function is given by:

4 K-2 _ d 2

Zedop = _" _2 d 2ZPR (A6)
i=1 +

where x_-5.0 km is the influence radius, d, the distance from the EDOP pixel location,

and Z_a,,p and ZeR are the EDOP and PR reflectivities, respectively. This function is a

relatively simple objective analysis function, yet it captures most of the PR features well

in the interpolated vertical sections. This interpolation was compared with using the

nearest point to the EDOP pixel and the interpolation approach was superior. The radius

of influence was chosen as the minimum value for which d<_ for at least 4 PR pixels

anywhere. It is not much larger than the spacing between PR samples, so the Cressman

interpolation applied here is applying minimal smoothing of the data. Discontinuities in

the PR data displayed on the EDOP mesh arise from the jump from one PR beam to

another. These discontinuities are much smaller than in the 'degraded' EDOP data

because the latter represent the PR resolution (Appendix B) and are not distributed on the

fine EDOP mesh.

The constant-altitude PR echo maps shown in Figure 3 are constructed using a

standard Delaunay triangulation scheme to map irregular gridded points to a regular

latitude-longitude grid with a grid mapping interval of 0.02 ° in latititude and longitude.
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A.4 Mapping of two-dimensional TRMM parameters

Many of the TRMM parameters are located only by their latitude and longitude,

not by their altitude, for instance the TRMM Microwave Imager (TMI) brightness

temperatures (2B 11), the Visible and Infrared Scanner (VIRS) infrared temperatures

(1B01), the path integrated attenuation (2A21), rain type (2A23), normalized surface

backscatter cross section (2A21), etc. Some of these variables do have a physical

altitude, e.g. infrared temperatures are representative of the cloud top. Lateral

displacements due to off-nadir TRMM scanning angles are ignored, even for the TMI

which scans at a constant 53 °. These quantities are interpolated to the EDOP profiles in

an identical fashion to the PR data, as described in section A.3, using the Cressman

weighting in (A6). The exception to this are discrete variables such as the rain type

(2A23). For such quantities no interpolation can be performed and the TRMM pixcl

nearest the EDOP profile is used.

Appendix B: Simulating PR reflectivities using EDOP data

B.1 Technique

The simulation of spacebornc data using airborne radar data has been discussed

by Amayenc et al. (1996) and Durden et al (1998), and a similar technique is used here.

First, EDOP data are corrected for aircraft motion. In particular, changes in aircraft pitch

renders the beams non-equidistant. Strictly speaking an inverse convolution of the EDOP

data is needed to remove the effects of EDOP range resolution, however EDOP's

resolution is high enough compared to that of the PR to treat EDOP data as representative

of a point. The next step in the simulation involves a convolution of the EDOP data with
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a 1D(along-track) Gaussian weighting function. Finally, a reflectivity threshold is

applied, refecting the limited sensitivity of the PR. Differences in frequency between the

PR and EDOP lead to differences in attenuation. It is assumed that the PR attenuation

correction (Iguchi and Meneghini 1994) is accurate and that EDOP reflectivities are not

significantly attenuated, in other words no further attenuation correction is performed in

the simulation process. Also, the effect of decreasing vertical resolution of the PR with

increasing scanning angle is ignored, and the degraded EDOP data have a 250 m vertical

resolution independent of incidence angle.

B.2 Limitations of degraded EDOP data as a surrogate for PR data

There are limitations to the representativeness of degraded EDOP reflectivities as

surrogate PR data. A perfectly 'degraded' EDOP section will normally not perfectly

match the corresponding PR section for two reasons: lack of high-resolution information

about the third dimension (i.e. across the flight track of the ER-2), and non-simultaneity

of the observations. Simultaneous records will compare poorly when reflectivity contours

(on a map) are tightly packed along an ER-2 flight leg, i.e. when the ER-2 flies along

precipitation systems, rather than across them. The radar maps in Figure 3, as well as

passive visible, infrared and microwave data from scanning instruments on the ER-2 can

be used to assess cross-track variability. Non-simultaneity is often a more serious

problem: for instance it takes the ER-2 about 8 minutes to sample a 100 km long storm,

while it takes the TRMM satellite about 14 seconds to travel the same distance (Table 1).

Poor comparisons can be expected from rapidly evolving storms, and when a high

reflectivity gradient is advected across an ER-2 flight leg. Small thunderstorms are
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especiallydifficult to comparebecauseof NUBF andbecausetheyaretypically short-

lived. For larger(stratiform)systemsalargertimelag betweenEDOPandthePRis

acceptable.
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Table 1. A comparisonof someEDOPandTRMM PRparameters.

EDOP TRMM PR

Frequency(GHz) 9.6 13.8

Wavelength(cm) 3.12 2.17

Antenna fixed,nadirandforward(34°) scanningto +17 °

Footprint at 5 km altitude (km) 0.76 4.3

Beam spacing (km) 0.1 -4.3

Range resolution (m) 37.5 250*

-8 min -14 sTime required to sample a 100 km

wide storm (along,track)

Minimum detectable signal (dBZ)

at 5 km altitude.

-5 18

Number of indep, samples per pixel -300 64

* 125 m at incidence angles less than 3.55 °.
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Table 2. Definition of TRMM PRraintypesasacombinationof the outcome of two

tests, the H method and the V method. The order of the listing is the same as that in the

lower right comer of Figures 4-9.

PR rain type stratiform convective inconclusive

Strat cert H,V

Strat cert V H

Prob Strat H V

Maybe Strat V H

Convect cert H,V

Convect cert H V

Convect cert V H

Prob Convect H V

Maybe Convect H V

Maybe Convect V (BB not clear) H

Others H,V
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Table 3. List of events with quasi-coincident TRMM-EDOP observations. Times are in

UTC. The EDOP times are the start/end of a straight-and-level flight leg. The TRMM

overpass time over the domains shown in Figure 3 may take 10-30 seconds, but the time

closest to the PR coverage of the feature of interest is shown. The ground-based radar

time is the start time of a volume scan.

Date

21 April '98

13 August '98

1 February '99

23 February '99

26 August '99

26 August '99

Type of Event EDOP TRMM Ground Radar

06:24 - 06:45 06:33:45 KFWS 06:36:46frontal - mostly stratiform

decaying convective cell

growing convective cell

small MCS

Hurricane Bonnie

(Pass 1)
Hurricane Bonnie

(Pass 3)

22:25 - 22:30

18:17- 18:21

20:56 - 21:03

11:41-12:13

14:47- 15:12

22:29:52

18:25:47

21:00:47

11:37:16

14:50:30

S-POL 22:25:06

S-POL 18:16:00

TOGA 21:00:19

KLTX 11:36:10

KLTX 14:55:03
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Figure Captions

Figure 1. A comparison of the PR, EDOP and ground radar geometries.

Figure 2. Scale dependency of PR reflectivity estimates. The curves in (a) show the

variation of PR-measured reflectivity as a function of the storm cell size, for various

cell locations relative to the center of the PR footprint. The horizontal shape of the

storm cell is assumed to be bell-shaped with a maximum reflectivity of 50 dBZ. The

PR beam illumination function is also assumed to be Gaussian. The PR-estimated

rainrate is shown in (b) for the same conditions.

Figure 3. Reflectivities from TRMM PR and ground-based radar mapped to common

earth coordinates. The left panel for each case (3a, c, e, g, i, and k) provides the 2 km

altitude 2A25 product. The right panel (3b, d, f, h, j, and 1) displays the lowest

clutter-free radar elevation scan from the various radars. The ER.-2 flight track with

start and end times (UTC) is indicated on the plot. Values exceeding 50 dBZ are

shown white, values less than 0 dBZ are black, and the background is gray. The 'X'

denotes the location of the relevant ground radar.

Figure 4. Composite of vertical reflectivity sections from (a) EDOP, (b) ground radar,

and (c) the PR, for 21 April 1998, mapped to coordinates of EDOP cross section (top

panel). Panel (d) shows a 'degraded' EDOP section, simulating the PR (Appendix B).

The time difference (Dt) between the EDOP profile and the PR overpass is labeled

below the EDOP image in minutes, where positive numbers indicate that the EDOP

vertical profile is later than the TRMM image. Panels (e-g) show various TRMM

products corresponding to this cross section. TMI microwave brightness temperatures

at 10, 19, 35, and 85.5 GHz, together with the VIRS infrared brightness temperature,
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areshownin panel(e).PR-derivedstormtop andBB heightsareshownin panel(f),

andtheraintypeclassificationis shownin panel(g) togetherwith thePRincidence

angle.

Figure5.As Fig. 4, but for 13August1998.

Figure6. As Fig. 4, but for 1February1999.

Figure7. As Fig.4, but for 23February1999.TheTRMM simulationby meansof EDOP

dataisomitted,insteadareflectivity cross-sectionfrom a secondgroundradaris

shown.

Figure8. As Fig.4, but for 26August1998(pass1).

Figure9.As Fig.4, but for 26August1998(pass3).

Figure 10. Meanreflectivity profilesderivedfrom theverticalcrosssectionsin Figures

4-9. Theaveragesarecalculatedovertheentiresection,exceptwereshown(i.e.for

13August).Groundradarprofilesareidentified alsoby thestarttime of thevolume

scans.(a)21April 1998;(b) and(c), 13August 1998;(el)1February1999;(e) 23

February1999;and(f) 26August1998.
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TRMM (-350 km altitude)

f flight direction

scan

angle: 17 °
ER-2 (-20 km altitude)

speed -205 m/s

t direction

beam

zenith

incidence

angle
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resolution
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diameter
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beam spacing

0oy/
swath width -220 km

@



O

o .
°

4_ d)

Lo _...o
_-" O0
3

3 v
v

b

O
k_

"13
;;_ o o

_, =
O Q-

_" O0
3

3 v
v .....&

b

k_

cr

3
C_

0

3

0
0 0 (_ 0 0 0

PR estimated rainfall rate (mm/hr)



i -81.0
TRMM: 22:29:5_

-96'.0

•8,_,6 C

x

-95.2

d:i
:1
:i

• "_ I 5O

28.5 .... i i 2815"!" ..... ! _ 40

. 221"25i15 .. 22:25:15 30 ._,

.......... _ _o_
28.2 ............... i ....... : ....• . • ! 28.2.......%_.--...... .

"_ _L i[ S-POL • i
............................ i........_! ........:. _....... i ............1-3--AUG-ge

I [ .i_ \ i]i 22:25 06 UTC I 0

28.0 .....i.............i .............L............ :.............:.. i .X.---_.:2..8;Q-..E..L-E---v-_..-1.'.-.d.e.gi

"i;RMM! :ii3i"si,' .........i _!...... ..........._1'i':/_" i................e!" .......... !......... i_ J T :8:24;08;SF'E_ _f_i
' ! ! i _! i i i!i i ! • I
.1.1..o._..........._........._ ......_........../ .........._............!............::_t.'Lo..i.....' _'_ " so
I i :: = :: /:: . : ::it'_ :: , _. '_ 9.....

: : : : I ' i 111, ii,'-,_ ¢ . 40_"

' i i i /. :: _"i _r_.a-., ,:

/: - ....... ,:':
i......_.......................,............_f/::,_......_............_............].....:':.,
.........._..........._......................./"_!,"............._............i.......................t . I_ ,o

i iL : _ i i !

-.I.:I.6..i....................................../.........i_ ......::_.................I.1..6;...........- _" 'I_.-""..........3 o[ -61.9 18'16'36_61.6 i-61.3 I L -61.9 10:16.'36 6 t51



50

4O

_o

_o
I0

L......... .79............. ...... 7.8 ................. :77,

+.... _-3_.6__i

-_+6..

5O

0

30 !_

2o

I0

5O

4O

30 H+!._

_o
I0

0



TEFLUN-A 21 April 1998

E
V

¢.

_m

"r

At

E
V

¢-
Cm

,m

T

8

6

4

2

0

-9.8

8

6

4

2

0

-5.6 -1.4 2.8 7.0 11

50

4O

30

2O

10

0

N
m
"I3
v

,m

.>_
u

m

13C

-- CId Height

...... BB Height

Convect cert
Convect cert

@



E
V

r"

_m

r

E
V

JC

-r-

10
8

8

E I0
8

r-

.I

I1)T 6

I LI-LUN-B 13 August 1998

50

40

10

E 10
8

I-
C_

o_

T

3O
28O

"" 260

m 240

220,,.,,.,

-I-' 6i'£: L _ i BBHeight].......__

° 8
15 (L_.- - " _};_t cer[Cer_

"SSSSSSSSSS SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS _ _ ::) :g _ : r ] :

0

"_ 10 Convect cert
_onvect cert"0

0 5 -
0ooooo_ Ot,_ers

oooo o No rQ_n
m

0 10 20 30 40

Distonce (kin)

©



E
,z_10
._ 8

T

TRMM-LBA 01 Februory 1999

&t -9.2 -7.7 -6.2 -4.7 -,5.2 -1

E
._10

..,8t-

-r

__ 8

T_30_
280

Y
_" 260

m
_- 240

0

15
0

"_10
-1:3
.m

5_.c
0

i D:, TRMM (EDOP SIMULATED) - m

i

i

i m

m R m
ii m

: : : I , , , I' , , , I - , , I -
L_4m_,..#"__ ,_ ..... -

," --_ '-......,.-%. _r '_ -
t ._1 _._.I
l I

"_ j

F_ ' ' 0 , , , 0 , , , , , , , , ,

5O

4O

N
3O ca

V

o_

._>
U

20 _-
n,,

10

0

- - 10 GHz

19 GHz

.... 35 GHz

...... 85 GHZ

_-11 /._,m

Cld Height

i _i......
. (,_: : : : , I , , , I , , , I , Strot cert

-- _trot ¢ert

i • | :----- II • • i I l • I i ii

20 40

Uistonce (km)

i i ...I I I i i_ I i II

60 80

onvect cert
on vect cert.

Other_No ron



E

r
O_

_m

¢)
7-

E

,,I,-#

c-
O_

0
I

E

c"

.B

"1"-

15

10

5

0

At-

15

10

5

0

15

10

5

0

TRMM-LBA 25 Februory 1999

5.2 -3.7 -2.2 -0.8 0.7

50

,

4O

N
30 m

"O
V

6m

._>
.4..0

u
G)

20 "_

10

"_,15
E

"_10

c"
_ 5

4_

<D

,,- 260
_" 240

m 220

r-

.__

° 8-1-

15
O

"_10
"O
.m

u 5C

0

0

mmmmas% _.................................

0 20 40 60 80

Distance (kin)

rot cert
trot cert
_o_ _tr]t

onvect cert
onvect cert

Others
Q rGIR



..C

8"T

0

26 August 1998 Pess

12.6 18.9 25.2 31

50

40

N
30 m

.__
U
IlJ

2O _

10

0

- - 10 GHz

19 GHz

.... 35 GHz

...... 85 GHZ

_-11 #m

ill • Sl ..:" _rol_ cer_

_" Convect cert
Convect cert

CId Height

...... BB Height

1O0 200 300

Distonce (km)



TEFLUN-B/CAMEX-3

E
._.10
.,_, 8

,- 6
-r

At -3.5 1.4

10
8

8-1-

26 August 1998 Pass

6.4 1 1.3 16.3 21

E
,_10

8

,,," 260
240

m220t--

._ 8

° 8212

15
0

"_10
-0

_ 5

0

0

_m i

50 1O0 150 200 250

Distance (km)

o

300

3

50

40

N
30 m

"O

._>

u

20 _-
n,-

I0

0

-- -- 10 GHz

--- 19 GHz

35 GHz

85 GHZ

11 /_m

CId Height

...... BB Height

rat, cert
trat ..cert_oa btrat

onvect cert
onvect cert

Others
o FQIt-1



12

10

8

E
_6
r-

•_ 4
r--

2

0

a
1

4/21/98

-.- TRMM 'L.

5 20 25 50 55 40

-b

45

i I

8/13/98

"._ - (15-35 km)

-- EDOP - "?_-._P-.... -;-

TRMM . t., %. _L_L _.....

s-POL 22:2 _ .... J;_ -::.::

16 20 25

12

10

8

6

4

2

0

50

12 L,- ......... 12
8/13198 d 2/1/99

0 10

8 _9 EDOP i_4_ ---, "-'_. ,- -....s-_o,=:,_
I : '-_,_ - -- S-POL 22:25 - -'---

21 _,..._, S POL22 31 .o .... ,, :-, __, ,lO_o _ _o _1_ _o _ _o _ _o
12

10

8

E
_6

t--

"_ 4
r--

2

0

I I I I I

_., 2/23/99

-- EDOP "'-2_

..... TRMM ""_, 2X
- -" TOGA 21:00 ', _h'k_

•_: .sr°._._!:°°........ "'_ .....
5 2O 25 50 55 40

mean reflectivity (dBZ)

-f- _L. 8/26/98

- 'IRMM .- {_{_-, .., ,,. EDOP
.... _:......... \'-\i i

EDOP - pass 3

-- - TRMM- pass 3 _.i1" \

45 16 20 25 50 55

mean reflectivity (dBZ)

12

10

8

6

4

2

0
4O


